Abstract. Respiratory syncytial virus (RSV) is a leading cause of respiratory duct infection that can result in severe clinical symptoms, particularly among children under 3 years of age. In the current study, the effect of RSV on airway epithelial cell function and the potential signaling pathways involved were investigated. A549 human airway epithelial cells were infected with RSV at a multiplicity of infection of 1. After 24 h, interleukin (IL)-8 secretion in the cell supernatant was analyzed. A microarray assay of RSV-infected A549 cells was conducted in order to identify any potential pathways involved, and quantitative polymerase chain reaction was performed to examine mRNA expression levels in these pathways. Electrophoretic mobility shift assays of nuclear transcription factors were conducted for further verification. IL-8 levels increased significantly in the supernatant of RSV-infected A549 cells compared with levels in non-infected cells. Microarray data suggested the involvement of the Toll-like receptor 4 (TLR4) pathway, and mRNA expression levels of genes (MYD88, TRAM and TRIF) involved in this pathway were higher in infected cells. Enhanced synthesis of activator protein-1 (AP-1) was observed. RSV infection of A549 cells may promote IL-8 secretion. In conclusion, the results of the present study indicate that the TLR4 signaling pathway, in conjunction with MYD88, TRAM, TRIF and the transcription factor AP-1, may activate immune responses to RSV infection in airway epithelial cells.
Introduction
Among infants and young children under 5 years of age, acute respiratory infection is the most common cause of morbidity and mortality (1) . Globally, respiratory syncytial virus (RSV) is the most common cause of childhood acute lower respiratory infection (ALRI) and a major cause of hospital admissions when it results in severe ALRI. Data suggest that RSV is a significant cause of mortality during childhood due to its role in ALRI (2) . Previous studies have demonstrated that severe early RSV bronchiolitis is associated with an increased prevalence of allergic asthma, which can persist into early adulthood (3) . RSV has also been implicated in other respiratory illnesses, and can be serious in elderly patients and patients with chronic lung disease or immunological deficiency (4) .
Cytokines and chemokines, which are secreted by airway epithelial cells, have been demonstrated to be critical in the regulation of local inflammatory processes in the lungs. Production of proinflammatory cytokines, such as interleukin (IL)-15, MICA and IL-6, increases in epithelial cells following RSV infection (5) . A number of the underlying pathways or nuclear transcription factors involved have been shown to be important for the replication and budding of RSV, through regulation by protein kinase Cδ, hypoxia-inducible factor-1α, or the nuclear factor (NF)-κB pathway (6) . In a live RSV-infected human tracheal epithelial cell line (9HTEo), the mRNA expression levels of Toll-like receptors (TLRs) 1-10 were upregulated compared with levels in cells infected with ultraviolet (UV)-inactivated RSV (7) . However, the mechanisms and signaling pathways in RSV-induced reactive airway diseases remain unclear.
Previous studies have indicated that IL-8 is released in the upper respiratory tract in response to RSV infection (8, 9) . Studies have suggested that IL-8 levels are correlated with clinical disease severity (10, 11) in full-term infants and that IL-8 may lead to a genetic predisposition to asthma (12 migration and proliferation of airway smooth muscle cells (13) . In the current study, the aim was to observe the effects of RSV on secretion function in A549 cells (human type II pulmonary epithelial cells) and to examine the possible mechanisms involved.
Materials and methods
Viruses and cell lines. The RSV long strain was kindly donated by Professor Hongwei Wang from the Medical School of Nanjing University, Nanjing, China. The A549 cell line was obtained from the Cell Resources Center of Shanghai Institutes for Biological Sciences, Shanghai, China.
Cell culture and infection. The A549 cell line was cultured in Eagle's minimal essential medium (Gibco-BRL, Grand Island, NY, USA) containing 10% fetal calf serum and 10 µg/ml ampicillin. A549 cells were seeded at a density of 5x10 4 cells/well in compliance with the manufacturer's instructions in 6-well tissue culture plates (Corning Inc., Corning, NY, USA). Cells were maintained until they reached ~70% confluency. After 6 h of cell culture, half of the A549 cells were infected with RSV at a multiplicity of infection of 1. The cells were infected with RSV for 24 h. Infection was confirmed using a light microscope (Olympus, Tokyo, Japan).
Measurement of cytokine production. After 24 h of infection, the culture supernatants of the RSV-infected and non-infected cells were collected. IL-8 protein levels in the culture supernatants were measured using an enzyme-linked immunosorbent assay (ELISA) (EMD Millipore, Darmstadt, Germany).
Microarray analysis.
To identify possible signaling pathways involved in the secretion of IL-8, infected and non-infected cells were subjected to microarray analysis (KangChen Bio-tech, Inc., Shanghai, China). Total RNA from each sample was quantified with a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and RNA integrity was assessed using standard denaturing agarose gel electrophoresis. Total RNA (~5 µg) of each sample was used for labeling and array hybridization according to the following steps: i) Reverse transcription with Superscript ds-cDNA Synthesis kit (Invitrogen, Life Technologies, Carlsbad, CA, USA); ii) ds-cDNA labeling with NimbleGen One-Color DNA Labeling kit; iii) array hybridization using the NimbleGen Hybridization system followed by washing with the NimbleGen Wash Buffer kit (Roche Diagnostics, Basel, Switzerland); and iv) array scanning using the Axon GenePix 4000B Microarray scanner (Molecular Devices, Sunnyvale, CA, USA).
Scanned images were then imported into NimbleScan software (version 2.6; Roche Diagnostics) for grid alignment and expression data analysis. Expression data were normalized through quantile normalization and the Robust Multi-chip Average algorithm in the NimbleScan software. The probe level and gene level were imported into GeneSpring GX software (version 11.5.1; Agilent Technologies, Inc., Santa Clara, CA, USA) for further analysis. Genes with values ≥50.0 in 2/2 samples were selected for data analysis. Differentially expressed genes were identified through fold change filtering.
Pathway analysis was applied to determine the roles of these differentially expressed genes in these biological pathways. Hierarchical clustering was performed to clarify distinguishable gene expression profiling among samples.
Quantitative polymerase chain reaction (qPCR).
For microarray data validation, qPCR was performed as previously described (7) . Briefly, first-strand synthesis was performed using an RNA First-Strand Synthesis kit (Roche Diagnostics) with 40 ng of total RNA (Roche Diagnostics). SYBR Green (Roche Diagnostics) PCR was performed for MYD88, TRAM and TRIF according to the manufacturer's instructions. GAPDH was used as an endogenous control. The primer s e q u e n c e s w e r e a s f o l l o w s : Electrophoretic mobility shift assay (EMSA). EMSAs were performed. AP-1 protein was extracted from the nuclei of the two groups of cells (Vazyme, Piscataway, NJ, USA) according to manufacturer's instructions. The EMSA kit was procured from Pierce (Rockford, IL, USA).
Briefly, an AP-1 consensus oligonucleotide was prepared with the following sequence: F, 5'-CGCTTGATGACTCAG CCGGAA-3' and R, 3'-GCGAACTACTGAGTCGGCCTT-5' (Beyotime, Shanghai, China). The nuclear extracts (10 µg) were incubated for 20 min with the gel shift-binding buffer (Beyotime), prior to the separation of the labeled probe and protein-DNA complexes by electrophoresis on a 6% polyacrylamide gel. Following the electrophoretic transfer of the bound complexes to a nylon membrane (Amersham, Uppsala, Sweden), the transferred DNA was cross-linked to the membrane. Biotin-labeled DNA was then detected through chemiluminescence using ChemiDoc XRS+ System with Image Lab Software (Bio-Rad, Berkeley, CA, USA).
Statistical analysis. Data were analyzed using SPSS software, version 13.0 (SPSS, Inc., Chicago, IL, USA). Homogeneity of variance F-tests were used to compare the samples, followed by t-or t'-test. P<0.05 was considered to indicate a statistically significant difference. Data are presented as the mean ± standard deviation (SD).
Results

Airway epithelial responses to RSV infection.
Following RSV infection for 24 h, morphological changes in the A549 cells were detected. Cell fusion was observed with a light microscope, which was considered to indicate RSV infection (Fig. 1A) .
Release of IL-8 increases in A549 cells following RSV infection.
Following RSV infection for 24 h, the IL-8 concentration in the supernatant of A549 cells was measured. ELISA results demonstrated that the IL-8 concentration in the supernatant of infected cells was 405 ng/ml, while the concentration in non-infected cells was 155 ng/ml, indicating that RSV causes a significant increase (P=0.01; Fig. 1B) .
RSV induces changes in mRNA expression levels as detected by microarray analysis. Microarray analysis of human
bronchial epithelial cells displayed significant changes in the global profile of mRNA expression following infection with RSV. The heat map with hierarchical cluster analysis (Fig. 2) and the bar plots displaying the top ten enrichment score [-log10(P-value)] values of the significantly enriched pathways for each group (Fig. 3A and B) are presented. These imply that the TLR signaling pathways, in particular those of TLR4, are important in the mechanism of IL-8 secretion occurring in RSV-infected A549 cells compared with that in non-infected control cells, in which MYD88, TRAM, TRIF and AP-1 are also involved.
mRNA levels of MYD88, TRAM and TRIF. In order to confirm the effect of the TLR4 signaling pathway on A549 cells following RSV infection, qPCR was performed. mRNA expression levels of MYD88, TRAM and TRIF were significantly increased (P= 0.035, SD= 0.0116; P= 0.026, 
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SD=0.00095; and P= 0.001, SD= 0.00051, respectively) in RSV-infected cells compared with those in non-infected cells (Fig. 4) .
AP-1 protein expression differences in EMSA.
Nuclear factor AP-1 protein expression was investigated by EMSA using nuclear extracts from control and RSV-infected cells at 24 h post-infection. As shown in Fig. 5 , the levels of AP-1 DNA binding in the nuclear fractions were clearly higher in the RSV-infected cells compared with those in the control group. This suggests that RSV infection may induce the activation of AP-1.
Discussion
Since the primary site for RSV entry and replication is the respiratory tract, the respiratory epithelium has emerged as the major origin of airway inflammation (7) . It actively participates in the innate immune response to foreign antigens, which involves the release of chemokines and cytokines, and the initiation of an inflammatory reaction. This is followed by the recruitment of phagocytes, including dendritic cells and lymphocytes, which participate in the clearance of invading pathogens to facilitate the adaptive immune response (9) .
In the present study, IL-8 production in A549 human type II pulmonary epithelial cells increased following RSV infection. IL-8 is one of the most abundant chemokines produced by airway epithelial cells. As an important member of the CXC branch of the chemokine family, these proteins may primarily mediate the activation and migration of neutrophils from the peripheral blood into tissue and be involved in the initiation and amplification of inflammatory processes. These processes occur in the human immune system in response to a wide variety of pathogens.
In the current study, the underlying mechanism of the upstream signaling pathway was investigated using microarray experiments and the results indicated that the TLR4 signaling pathway may be partly responsible for increasing the levels of IL-8 secretion. To confirm these results, qPCR and EMSA were conducted for MYD88, TRAM and TRIF, and AP-1, respectively. The results suggested that the transcription factor AP-1 may be important in IL-8 secretion in RSV-stimulated A549 cells.
TLRs are important in the innate immune response, and although they are capable of detecting various molecules derived from viruses, fungi, bacteria and protozoa, intracellular TLRs primarily function in virus detection. All TLRs, with the exception of TLR3, depend to a certain extent on the MyD88 adaptor protein for full signaling activity. TLR4, which is located on the cell surface (14) , induces MyD88 signaling at the plasma membrane prior to being endocytosed and subsequently activates TRAM-TRIF signaling from early endosomes (15) . When TLR4 migrates to late endosomes, it encounters TAG, a splice variant of TRAM that negatively modulates TLR4-TRAM signaling from endosomes, ultimately promoting the degradation of the signaling complex (16) . Activation of interferon regulatory factors, NF-κB and AP-1 transcription factors induces gene transcription of proinflammatory cytokines such as tumor necrosis factor and IL-12 (17) . The AP-1 transcription factor is a dimeric complex that comprises members of the JUN, FOS, activating transcription factor and musculoaponeurotic fibrosarcoma protein families (18) . Fos and Jun family proteins function as dimeric transcription factors that bind to AP-1 regulatory elements in the promoter and enhancer regions of numerous mammalian genes. The DNA-binding and dimerization domains of different family members are highly conserved and different members of the Fos and Jun families have similar DNA-binding and dimerization specificities (19) . In the process of inflammation, attraction and activity of immune cells are regulated by a plethora of different cytokines that are predominantly activated by the transcription factors, including AP-1. Specifically in the innate immune system, TLRs are an important initiation point of specific sensing for environmental changes. The signaling of TLRs leading to cytokine production may consequently activate AP-1 (20). In conclusion, the present study demonstrates one critical signaling pathway in IL-8 secretion of RSV-infected airway epithelial cells, which may be the MyD88/TRAM/TRIF/AP-1 signaling pathway. However, further studies concerning the signaling pathways involved in the increased cytokine production of RSV-infected A549 cells are required.
